Abstract
Introduction
Conventional slurried tailings have been produced as a by-product of mineral processing, and engineering and operational approaches have been developed to engineer a tailings storage facility (TSF) capable of safely storing the tailings. Recently, alternatives to conventional slurried tailings (thickened, paste, and filtered tailings) have been developed and implemented in the mining industry. These alternatives improve the possibility of engineering the properties of the tailings themselves to better address site conditions or limitations.
The tailings continuum has been presented numerous times elsewhere, and simply represents the nature and behaviour of tailings at various degrees of thickening, as follows:
 Conventional slurry tailings.
 Thickened tailings.
 Paste tailings.
 Filter cake.
The delineation between these alternative technologies is often vague with various classification systems and terminology in use. The author has found a performance-oriented classification system based on yield stress, rather than solids content, to be useful.
Yield stress is often employed as a distinct boundary to help define these brackets within the continuum. According to Ulrich and Kerr (2011) , the fully shear-thinned yield stress separating conventional slurry tailings and thickened tailings, tend to range between 5 and 20 Pascals (Pa) (48 Pa is approximately 1 pound per square foot (psf)). The boundary between thickened and paste tailings is approximately 100 Pa and the boundary between paste tailings and filter cake is 800 Pa. This information is summarised in Table 1 . Table 1 Tailings continuum
The application of filtered tailings technology appears poised to make a dramatic leap forward, moving from use at a limited number of relatively low-production-rate operations (6,000 tonnes per day (tpd) or less) to greater adoption and use at relatively high-production-rate facilities (exceeding 50,000 tpd). Filtered tailings are proposed for use at high production-rate mines such as Nevada Copper's Pumpkin Hollow Project at 70,000 tpd (Nevada Copper Corp 2017) and the planned Metates and Rosemont mines (both with proposed production rates of 90,000 tpd). Filtered tailings are also currently undergoing proof-of-concept testing for use as part of the EcoTails system at the Peñasquito mine (Hudbay 2017; M3 2016; Mining Magazine 2017) . The successful implementation of this technology at one of these projects would represent a significant precedent in the industry.
There are numerous external pressures likely to drive additional implementation of this technology. These include regulatory and internal corporate scrutiny, which is especially heightened in the post-Mt. Polley and Fundao TSF failure environments and the designation of filtered tailings as a best available technology for tailings storage (Independent Expert Engineering Investigation and Review Panel 2015) . Another key pressure is increasing water scarcity worldwide, which may intensify concerns regarding a mine's social license to operate if an operation is seen to be competing with local users for water.
Selecting a preferred disposal alternative
Considering this momentum for the technology, how should practitioners view filtered tailings and how should they select a preferred tailings management solution? Ulrich and Coffin (2013) wrote that there are no universal remedies for tailings storage and that every tailings facility should be designed based on project-specific requirements. Watson (2010) wrote that alternative tailing disposal practices have been viewed as a silver bullet that will solve all tailings management issues, yet misconceptions abound. Davies (2011) wrote that each project should be assessed for the potential applicability of filtered tailings based upon technical, economical, and regulatory constraints. Upon reflection, the present author is certain that Davies unintentionally left out social considerations from his list. Davies (2011) continued that filtered tailings are not a panacea for mine waste management and that they should be appropriately viewed as a potential alternative form of tailings placement and a part of the overall tailings continuum of options. Similarly, the 2014 Elko Roundtable (an annual, by-invitation-only event that serves as a forum for the free sharing of industry information, insights and lessons learned. It is held in Elko, Nevada, USA) proceedings stated that: The approach presented in the Guidelines includes the identification of all possible mine waste disposal alternatives, a pre-screening stage to remove alternatives with clear fatal flaws, and a quantitative assessment of the remaining alternatives using a Multiple Accounts Analysis (MAA) approach which considers environmental, technical, economic, and socio-economic impacts, building on the method described by Robertson and Shaw (1999) .
The identification and consideration of all possible alternatives encourages the designer and owner to think beyond their typical experience and preconceptions for the site, while the MAA methodology facilitates the incorporation of value judgements from various stakeholders regarding the impacts of the alternatives. Even if the assessment is only being completed for internal use, the MAA can incorporate input from the members of the design team and mining company with differing areas of focus and responsibility.
Design considerations
Selecting the tailings deposition technology is only the first step in implementing the tailings storage solution as next the practitioner will need to develop the overall facility design. The following summarises selected design concepts and considerations that the author has found beneficial in his practical experience.
Target moisture content for clayey tailings
Too often, the operational moisture content of the filter cake is based solely on filter plant production considerations, economics or other drivers, rather than geotechnical requirements. Davies (2011) wrote that one of the most misunderstood design parameters for a filtered tailings operation is the target moisture content for the filter cake. The goal should be to achieve a moisture content that eases construction and meets slope stability criteria. A rule of thumb is to target the moisture content equivalent to the standard Proctor (American Society for Testing and Materials 2012a) optimum moisture content. This is often altered to account for the climate (slightly drier for wetter climates and slightly wetter for drier climates) and for higher-throughput operations where filtered tailings stacks employ larger compaction equipment (where it may be more appropriate to reference the modified Proctor (American Society for Testing and Materials 2012b) optimum moisture content (Davies 2011) ).
For higher clay content tailings, the necessary filter plant cycle times and the resulting capital and operating costs to produce a filter cake near the optimum moisture content typically increase significantly and it can be impractical to specify a Proctor-based target moisture content. Thus, for higher clay content tailings (such as those with a saturated hydraulic conductivity of 1 × 10 -5 centimetres per second (cm/s) or less), a constructability based target should be considered, where the moisture content is targeted to allow for a trafficable tailings surface. The term 'trafficable' here is used as a general term meaning that mobile equipment can move (traffic) on the surface in the way they are intended.
To achieve a trafficable surface, the filtered tailings should provide adequate bearing capacity for the equipment that will be accessing the filtered tailings. At a scoping level, this can be estimated based on literature relationships and published construction equipment ground pressures, as will be discussed further.
Based on a database of 641 fall cone test results from 101 cohesive soil samples, Vardanega and Haigh (2014) developed a correlation between the undrained shear strength of a soil (Cu) in kilopascals (kPa) and its liquidity index (LI), as follows:
(1 -LI) kPa for 0.2 < LI < 1.1
where:
and: Note that Vardanega and Haigh (2014) suggest that their relationship is only applicable to LI values between 0.2 and 1.1 as their dataset below 0.2 is limited and there is considerable curvature in the data above LI values of 1.1.
Note that the moisture content used in the equations is as defined by a geotechnical engineer (mass of water divided by mass of solids), not as would be defined by a metallurgist (mass of water divided by total mass), which can be a point of confusion, as discussed elsewhere (such as Ulrich & Coffin 2013) . 1. The strength increases significantly for soils as the soil's moisture content is drier than its liquid limit and nearer to its plastic limit. 2. There is significantly greater impact of moisture content on undrained shear strength for soils with a lower plasticity index (PI = LL -PL). Per Equation 1, the undrained shear strength of a soil can be estimated as 60 and 2 kPa when the moisture content is at its PL and LL, respectively. Using Terzaghi's bearing capacity equation for a square footing bearing on a cohesive soil with these strengths (refer to Sivakugan and Das (2010) , for example), the ultimate bearing capacity (qult) is about 260 and 20 kPa, when the moisture content is at its PL and LL respectively. Assuming a Factor of Safety of 3 to account for uncertainty (typical for spread footings), these ultimate bearing capacities are reduced to allowable bearing capacities (qall) of about 90 and 7 kPa, for a soil at its PL and LL, respectively. This information is summarised in Table 2 . To be trafficable by earthmoving and haulage equipment, the bearing capacity of the filtered tailings should generally be greater than the ground pressure applied by the equipment working on the filter stack surface (although, it is likely possible to traffic areas while some limited amount of bearing capacity failures occur).
Examples of ground pressures are useful for illustration purposes. A typical person walking slowly may exert a ground pressure of about 40 kPa. Approximate ground pressures for various earthmoving and haulage equipment (Caterpillar 2012) are as follows:
 D6 low ground pressure dozer = 30 kPa.
 320D excavator = 40 kPa.
 Articulated trucks = 400 kPa.
This information should be compared to the information shown in Table 2 , to establish whether trafficability will be possible. Whether Terzaghi's bearing capacity equation is entirely applicable for moving equipment is debatable, but the guidance provided by the relationship still holds merit as a rule of thumb. It is considered applicable for initial assessments of the required production moisture content and may be useful guidance in reviewing filter testing results. Adjustments to the target moisture content values may then be made to account for variations in the moisture content, due to conditions at the project site. These include:
 Arid climate: In arid climates, additional drying would occur naturally during transport and placement in the filter stack. For example, significant reductions in moisture content may occur on a long conveyor belt in an arid climate and at operations which use long dozer pushes to spread and place the tailings.
 Wet or cold climate: In wet or cold climates, it may be necessary to decrease the target moisture content, as additional environmental moisture may enter into the filtered tailings during conveyance, transport, and after placement.
Consideration of the material strengths represents a first step in defining the moisture content requirements for clay tailings, and other considerations such as global slope stability criteria or the potential for saturation or seepage may eventually govern the target moisture content selection.
Designing to accommodate varying tailings characteristics
One common difficulty in the operation of filtered tailings stacks is accounting for excessively wet tailings. This may occur because of high intensity precipitation, long duration precipitation (such as during wet seasons), variations in the characteristics of the incoming ore, or operational and maintenance problems with the filtration equipment. Mines using filtered tailings disposal often include a conventional slurried tailings impoundment to allow for emergency deposition of tailings during periods of filter maintenance or when significantly out-of-specification filtered tailings are produced. However, limiting tailings deposition into the emergency facility to minimise the facility size and maximise the benefits of filtered tailings is always preferred. As such, designers commonly need to develop a filtered tailings stack design that can accommodate tailings with a wider range of moisture contents.
The most common manner of addressing out-of-specification, or wet season tailings, is to include a defined area in the inner area (zone) of the stack away from the outer perimeter (the structural zone), where these higher moisture content tailings are to be placed. This inner zone may receive limited, or no, mechanical compaction. The zone must be designed to provide environmental protection and to satisfy overall slope stability criteria. Furthermore, in cases where this zone is anticipated to be used for long durations during the wet season, the design should consider material balance requirements to ensure that the zone has sufficient capacity to carry operations through to the end of the season. Consideration should also be given to incorporating decant facilities in this zone, to allow precipitation and bleed water from the tailings to be removed from the facility.
The zoning can be developed using several design approaches, but typical approaches mimic conventional tailings dam designs, in a form of the following:  Upstream construction: The crest of the dam shifts upstream for raises above a starter dam. The degree of upstream shift may vary, from a significant upstream shift (an upstream raise) to a raise with a reduced upstream shift (sometimes described as modified centreline (Haile & Brouwer, n.d.) ). In either case, while the dam may appear wide, it only comprises a structural shell above the starter dam and relies on the strength of the underlying inner zone tailings to a greater extent than the other two approaches for stability. This method requires more careful consideration of material strengths than the other two approaches and may present higher risks overall.
These types of facilities have been described elsewhere (i.e. ). There are, of course, several hybrid forms of each of these designs.
Loading rate and liquefaction
Filtered tailings facilities are often referred to informally as dry stacks. This could lead a designer to overlook the possibility of liquefaction or the generation of excess pore pressures during operations. However, as discussed by Ulrich and Coffin (2013) , saturation and problematic pore pressures can develop in a dry stack.
The in situ moisture content of the filtered tailings at any point in the stack are a function of the production moisture content, climatic factors, hydraulic conductivity, confining stress, suction, stiffness, and rate of loading. Recall that the optimum moisture content from Proctor testing is often selected as a target moisture content. In many cases, the optimum moisture content is relatively near the zero-air void curve (especially for clayey materials), indicating the relatively proximity to saturation in initially placed conditions. As the stack continues to rise, the air voids are compressed and the moisture content will increase (if the amount of water is not decreasing). Construction-induced loading from subsequent tailings placement can lead to saturation and potentially the formation of excess pore pressures, which can result in slope stability risks and the potential for liquefaction. This is further exacerbated if the filtered tailings are produced at a higher moisture content than was assumed in the design.
The loading rate should be considered in the facility design and may require the construction of a facility with a larger footprint area to reduce the rate of loading. If zones of saturated tailings may occur, and the potential for liquefaction exists, additional compaction of the filtered tailings may be required, if achievable, or the facility may require a substantial earthen or rockfill perimeter embankment (similar, perhaps, to a centrelineconstructed dam) to protect against slope failure. For this case, it may be preferable to design a filter plant, and/or tailings conveyance and placement system, to produce a lower moisture content filter cake that will allow for facility construction within tolerable pore pressure limits. If the filtered tailings are not saturated, the deposit may not be susceptible to liquefaction. If an unsaturated filtered tailings deposit exhibits soil suction, as discussed in Robertson et al. (2017) , the potential for liquefaction may be further reduced.
Underdrainage
If zones of saturation may develop within the stack, or if the filtered tailings may release pore water once placed, designers should consider incorporating a network of engineered underdrains for the facility. This should be considered even if the tailings are benign and the facility is not constructed with a liner, to mitigate the potential for pore pressure generation and resulting slope stability issues within the stack.
The size and extent of the drainage system should be designed based on calculations of drain down and should include ample redundancy to account for pipe crushing or blockage. The quality of construction of these drains is of considerable importance and the designer should remain involved throughout the process with the construction oversight team.
When things go wrong
As stated previously, things can and do go wrong with filtered tailings facilities. Sometimes, the production moisture content exceeds the design assumptions to a point where the material is difficult to place and compact. On occasion, the field behaviour of a poorly prepared filtered tailings may act in a ductile, almost paste-like manner. Sometimes the placed materials may need in situ improvement or the addition of drains may be necessary.
The observational approach is often usefully employed to counter poor operational results. The key is to employ the approach early. As a reminder, the observational approach is not the same as a 'wait and see' approach. The observational approach means designing for the most likely performance, understanding the alternative performance outcomes, and having remedies in mind to counter them (Peck 1969; Morgenstern 1994) .
Dealing with excessive moisture
At some operations, the filter cake is not produced at a low enough moisture content, despite making any possible modifications to the filter plant. Perhaps the best way to contend with excessive moisture in the filter cake is to drive off moisture at the point of deposition.
In arid climates, excessive moisture may be driven off by additional handling of the material. Dozing the filter cake over and over has helped. In some instances, disking or ripping may be beneficial. Any activity that opens more surface area to evaporation can help.
In different environments, alternatives can be employed, and site-specific modifications should be reviewed. Perhaps adding wood chips, saw dust or dry sand to the filter cake would be beneficial. Perhaps amendments such as cement or fly ash could be utilised. The point here is to think beyond the normal boundaries.
In situ soil improvement
There have been filtered tailings facilities that performed so poorly that in situ soil improvement methods were required. Such performance can be first identified through visual observations and may include such things as bulging or slumping of the outer slopes or the appearance of cracks within the facility.
Piezocone testing (cone penetration tests with pore pressure transducers) can help to reveal the in situ pore pressure regime within a filtered tailings deposit. Piezocone probe locations should be established based on the locations known to be performing poorly, the facility geometry, original topography, etc.
Once the pore pressure regime is established, an appropriate soil improvement technology can be identified. Wick drains have been used to alleviate pore pressures in a clayey filtered tailings operation where some areas of the facility exhibited pore pressures that exceed hydrostatic pressures. This indicates that for the material's properties, the facility was being loaded too rapidly and the filtered tailings was going into a partially undrained loading condition. If a larger footprint could had been available for this facility, the rate of rise (which led to the undrained loading condition) could have been reduced. At this site, a successful continued operation was accomplished using wick drains and careful monitoring of pore pressures (with vibrating wire piezometers installed in the filtered tailings mass), together with added diligence in material placement.
Retrofitted drainage
When caught early enough in a project's life, retrofitted drainage can help to stabilise a poorly-performing facility. Again, the pore pressure regime should be characterised with a series of piezocone tests.
This retrofitted drainage most often takes the form of horizontal strip or blanket drains that extend from the facility perimeter to an area within the facility that should be established to satisfy slope stability requirements. Sizing of the drains should be made with consideration of the permeability of the filtered tailings and the magnitude and distribution of pore pressures within the tailings mass. Such drains should be designed to meet filter and drain criteria and could be sands and gravels or geosynthetic material.
The performance of the drainage system should be monitored using vibrating wire piezometers to establish the successfulness of the installation. Additional drainage can be constructed as the facility is expanded.
Conclusion
There are no universal tailings management solutions and there is no substitute for careful consideration of project-specific details in developing a tailings management design. An alternatives analysis should be performed to select a preferred tailings management option and demonstrate that potentially advantageous alternatives have not been overlooked. The Guidelines developed by Environment and Climate Change Canada, as referenced in section 2, are a valuable framework for performing such an assessment.
Good tailings facility design practice includes designs that accommodate tailings with varying properties and accounts for potential saturation and the resulting risks of excess pore pressure generation and liquefaction. Further, selecting a target moisture content range for filtered tailings is a key step in the design process. For tailings with increased clay contents, constructability-related criteria present a convenient basis for selecting target moisture contents. Tailings facility designers are reminded that a filtered tailings facility design requires the same level and focus on design as other tailings management options.
